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Summary
Sugarcane molasses is rich in nutriments and vitamins. It may be used as the carbon
source for the production of polyunsaturated fatty acids (PUFA) by Mucor recurvus sp.
Using sugarcane molasses, the effects of fermentation parameters and media components
on polyunsaturated fatty acid production through both linear and orthogonal array experi-
ments were investigated. The best fermentation conditions for PUFA production were found
as follows: 15 % sugarcane molasses, pH=6.0, 28 °C, 5 days, 160 rpm. It was also found
that molasses and urea enhanced PUFA production with the optimal carbon to nitrogen
(C/N) ratio of 35. Under the most favourable conditions, the total lipid content at 7.13 g/L
and PUFA up to 5.74 g/L including (0.82±0.05) g/L of linolenic acid (LA), (1.35±0.02) g/L
of g-linolenic acid (GLA), (0.17±0.06) g/L of a-linolenic acid (ALA), (0.57±0.06) g/L of
arachidonic acid (ARA), (0.46±0.07) g/L of eicosapentaenoic acid (EPA) and (0.34±0.08)
g/L of docosahexaenoic acid (DHA) were obtained. Our study suggests that sugarcane
molasses is a superior alternative carbon source for industrial PUFA production.
Key words: Mucor recurvus sp., polyunsaturated fatty acids, sugarcane molasses, fermenta-
tion, cultivation condition, fatty acid analysis
Introduction
Polyunsaturated fatty acids (PUFA) have unique bi-
ological activities (1,2) and clinical effects (3,4). Nutritio-
nal studies have indicated their potential benefits to hu-
man health (5–8). Marine fish is the traditional source of
PUFA. However, marine resources are not sustainable due
to limited fishing seasons, geographical locations and de-
clining fish populations (9). Moreover, the fish oil con-
centrates contain cholesterol and have unpleasant odour
(10). Therefore, there is a need for alternative sources of
PUFA. Living organisms, including fungi, marine algae,
diatoms, and some bacteria, are some potential sources
(11–13).
The production of PUFA by microbial fermentation
has been shown to be an ideal alternative owing to its
amicability for the separation, purification, and industri-
alization (14). For efficient microbial PUFA production,
it is critical to obtain a microbial strain with both high
biomass and high PUFA content. Recent research has fo-
cused mainly on maximizing PUFA yield by genetic ma-
nipulation as well as by medium optimization (15,16). In
traditional cultivation methods, glucose, starch, and/or
sucrose were often used as the carbon source for pro-
ducing PUFA. Here, we demonstrated that sugarcane mo-
lasses, a by-product of sugarcane processing, is a good
carbon source substitute for PUFA production by Mucor
recurvus sp. We identified the optimal fermentation con-
ditions as well as medium composition for maximal PUFA
production. Our study also points out the feasibility of
using sugarcane molasses as a substrate for the general
fungal fermentation.
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Materials and Methods
Chemicals
Medium components in the experiments were from
Guanghua Chemical Factory Co., Ltd. Guangdong, PR
China; solvents were of reagent grade (RG). The stan-
dards of fatty methyl esters were from Sigma (USA); su-
garcane molasses was from Nanning Sugar Ltd., Guang-
xi, PR China.
The molasses was diluted with distilled water at the
ratio of 1:1.5 and the pH was adjusted to 3.5 with H2SO4.
After 8 hours, the supernatant was adjusted to pH=7.2
with lime cream and whisked at 60 °C for 30 min. After
12 hours, molasses was percolated, adjusted to pH=6.0
and diluted into proper concentrations with distilled
water (17).
Components of sugarcane molasses analysis
Components of sugarcane molasses were analyzed
according to Wang’s method (18).
Determination of dissolved oxygen
The dissolved oxygen in the media was measured
with an oxygen analyzer (Shanghai Institute of Plant
Physiology and Ecology, Chinese Academy of Sciences,
Shanghai, PR China).
Fungal strain
Mucor recurvus sp. was obtained from Food Research
and Fermentation Institute, Guangxi University, Nan-
ning, PR China.
Media and cultivation conditions
Transferring medium was composed of 10 % molas-
ses with 0.01 g/L of (NH4)2SO4 and 0.002 g/L of K2HPO4,
with the initial pH=6.0. The production medium was com-
posed of 15 % molasses with pH=6.0. The 5 % (by vol-
ume) mycelial suspension of isolated culture was inocu-
lated in 500-mL flask containing 200 mL of broth and in-
cubated in a shaker (SKY-211B, Shanghai Sukun Industry
and Commerce Co., Ltd., PR China) at 25 °C and 140
rpm for 4 days (19).
Nitrogen source in the basal medium was provided
with 1.5 % of NH4Cl, (NH4)2SO4, KNO3 and urea. When
the sugarcane molasses concentration was fixed, the C/N
ratio varied from 20:1 to 40:1.
An orthogonal design method was used to study the
PUFA production in Mucor recurvus. The method was
based on L64 (43) with three factors and four levels
(16,20).
Cell dry mass determination and lipid extraction
Mycelia were harvested by filtering the fermented
media through Chinese No. 1 filter paper, washed thor-
oughly with distilled water, and finally dried at –50 °C.
Lipid was extracted from the dried mycelia with a mix-
ture of chloroform and methanol (volume ratio=2:1) (21).
Residual moisture in the extracted lipid was removed by
adding anhydrous sodium sulphate and filtering through
filter paper. The dried lipid was then concentrated un-
der vacuum drying (Labconco, USA) (22).
Methyl ester preparation and analysis of fatty acid
composition
A rapid transmethylation method was applied in this
study (23). Briefly, the dried Mucor recurvus was directly
transmethylated with 10 % methanolic HCl at 50 °C for
3 h. Then, the fatty acid methyl esters (FAME) were ex-
tracted with hexane, concentrated and analysed by gas
chromatography.
Gas chromatography settings
The gas chromatograph GC-17A (Shimadzu Co., Ja-
pan) was equipped with a fused silica capillary column
(30 m×0.25 mm i.d.×0.25 mm film thickness) and a flame
ionization detector. The injector and detector tempera-
tures were maintained at 220 and 260 °C, respectively.
The oven was programmed as follows: 160 °C for 2 min,
increased to 180 °C at 6 °C/min, maintained at 180 °C
for 2 min, increased to 220 °C at 4 °C/min and finally
maintained at 220 °C for 10 min. The carrier gas, nitro-
gen, was used at a flow rate of 1.5 mL/min. The injec-
tion volume was 1 mL with a split ratio of 60:1. Methyl
esters of available PUFA were used as standards for fatty
acid identification and quantitation. Total fatty acid pro-
duction was calculated from the total peak areas of the
chromatogram relative to the peak area of an internal
standard (24).
Results and Discussion
Effect of carbon sources on PUFA production
We tested the effect of carbon sources on dry bio-
mass (DBM), total lipid, g-linolenic acid (GLA) and PUFA
production. As presented in Table 1, the effects of car-
bon sources on cell growth, total lipid, GLA and PUFA
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Sucrose 8.97±0.14 4.46±0.08 2.74±0.02 0.39±0.05 0.64±0.03 0.08±0.04 0.35±0.05 0.22±0.03 0.16±0.04
Starch 8.70±0.26 3.58±0.06 2.29±0.03 0.32±0.02 0.54±0.01 0.07±0.03 0.22±0.02 0.18±0.01 0.13±0.02
Glucose 10.85±0.32 6.10±0.05 4.48±0.07 0.64±0.01 1.06±0.01 0.13±0.03 0.44±0.01 0.36±0.04 0.27±0.02
PDA 10.95±0.16 5.62±0.08 4.43±0.04 0.63±0.01 1.04±0.02 0.13±0.05 0.43±0.04 0.36±0.02 0.26±0.01
Molasses 9.58±0.19 4.75±0.07 3.07±0.06 0.44±0.02 0.72±0.03 0.09±0.03 0.30±0.01 0.24±0.02 0.19±0.03
*Cultures were incubated for 5 days at 25 °C, 140 rpm
production are in the order of potato dextrose agar (PDA)
=glucose>molasses>sucrose=starch. Compared with su-
crose, the sugarcane molasses is rich in nutriments and
vitamins (Tables 2 and 3). The cost of molasses is signifi-
cantly lower than of the PDA and glucose although it is
slightly less efficient. Therefore, together with the previ-
ous report that molasses is a good carbon source for
lipid production (25), we believe that molasses could be
a good alternative for PDA or glucose.
Effect of molasses concentrations
The production of dry biomass (DBM), total lipids,
g-linolenic acid (GLA) and total PUFA were boosted as
the molasses concentration increased. The maximum
yields were observed with the molasses concentration at
15 % (volume ratio), as the yields decreased when the
concentration was 20 % or higher (Table 4). With the
molasses at 15 %, each litre of the medium contained
10.18 g of DBM and 2.64 g of PUFA, which was com-
posed of (0.61±0.01) g of linolenic acid (LA), (0.99±0.02)
g of g-linolenic acid (GLA), (0.12±0.03) g of a-linolenic
acid (ALA), (0.41±0.01) g of arachidonic acid (ARA),
(0.34±0.02) g of eicosapentaenoic acid (EPA) and (0.25±
±0.01) g of docosahexaenoic acid (DHA). Our data are
different from those of M. alpina ATCC 32222, where the
yield reached a maximal level with the glucose concen-
tration at 10 % (26,27). These data are also different from
the previous report that fatty acid production increased
continuously with the glucose concentration from 2 to
12 % in M. alpina CBS754.68, while ARA content and
ARA yield were reversed (28).
Effect of different nitrogen sources and C/N ratio on
PUFA production
Nitrogen source affects the mycelial morphology and
ARA production by M. alpina CBS754.68 (29). Therefore,
we investigated the effect of nitrogen supplement on
DBM, total lipid, GLA and total PUFA production. As il-
lustrated in Table 5, urea gave the highest DBM, total
lipid, GLA and PUFA yields, followed by potassium ni-
trate, ammonium sulfate and ammonium chloride. There-
fore, urea was the best nitrogen source for DBM, lipid,
GLA, and PUFA production.
The effect of C/N ratio on DBM, total lipid, GLA
and total PUFA production was then investigated. As
shown in Table 6, total PUFA and GLA production did
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Organic acids (including citric acid,
malate, succinate, etc.) 3










Table 3. Mass ratio of vitamins in sugarcane molasses
Component Vitamin H Folic acid Pantothenate Pyridoxin Vitamin B2 Vitamin B1 Niacin Choline
w/(mg/kg) 2.2 0.04 58 3.8 2.5 1.8 400 600





















10 8.82±0.14 3.64±0.04 2.26±0.02 0.46±0.01 0.76±0.03 0.09±0.01 0.32±0.02 0.26±0.04 0.19±0.02
15 10.18±0.23 4.64±0.06 2.64±0.09 0.61±0.01 0.99±0.02 0.12±0.03 0.41±0.01 0.34±0.02 0.25±0.01
20 9.84±0.34 4.15±0.03 2.53±0.08 0.51±0.02 0.83±0.06 0.11±0.03 0.34±0.08 0.28±0.03 0.21±0.03
25 7.86±0.24 3.15±0.09 2.10±0.04 0.44±0.01 0.73±0.05 0.09±0.04 0.30±0.07 0.25±0.02 0.21±0.03
*Cultures were incubated for 4 days at 25 °C, 140 rpm





















NH4Cl 7.46±0.12 2.98±0.09 1.65±0.07 0.23±0.02 0.39±0.01 0.05±0.01 0.16±0.04 0.13±0.04 0.11±0.02
(NH4)2SO4 8.23±0.21 3.30±0.04 2.39±0.06 0.34±0.01 0.56±0.02 0.07±0.01 0.23±0.02 0.19±0.02 0.17±0.05
KNO3 10.14±0.23 4.02±0.08 2.91±0.04 0.41±0.03 0.68±0.02 0.09±0.03 0.29±0.04 0.23±0.04 0.17±0.03
Urea 10.16±0.32 4.94±0.05 4.31±0.03 0.61±0.02 1.01±0.03 0.13±0.02 0.43±0.01 0.35±0.01 0.26±0.07
*Cultures were incubated for 5 days at 25 °C, 140 rpm
not change significantly when the C/N ratio was be-
tween 20 and 30. However, the production of GLA and
total PUFA increased significantly to the maximal level
at a C/N ratio of 35. Interestingly, GLA content de-
creased sharply when the C/N ratio was lower than 30
or higher than 40, which is probably due to the fact that
molasses contains significant amounts of organic nitro-
gen. Thus, a C/N ratio of 35 gives the optimal produc-
tion. However, [ajbidor et al. (30) reported that Mortie-
rella sp. S-17 had high ARA concentration in the cell
cultivated at C/N ratio 10, and high ARA production at
C/N ratio 20. Koike et al. (28) also reported that the op-
timal C/N ratio of the medium was around 15–20 for
ARA production in a culture of M. alpina CBS 754.68.
When the C/N ratio was higher than 20, the mycelium
mass and ARA decreased due to nitrogen limitation.
Effect of fermentation time on PUFA production
The accumulation of PUFA and GLA was also af-
fected by the fermentation time. Yamada et al. (31) and
Bajpai et al. (26) also reported that M. alpina IS-4 and
ATCC 32222 had their maximal production after 3 and 4
days of incubation, respectively. That is why the effect
of fermentation time was examined in our system. As a
result, we found that the time duration for maximum
yields of DBM, g-linolenic acid and total PUFA was 5
days (Table 7). PUFAs are the primary metabolites of
cells. Their yields depend on cell growth. Consequently,
the production of PUFA decreased gradually in pro-
longed cultivation due to cell lysis (31,32). The time
needed for maximum yields of PUFA also depends on
the kind of fatty acid since the g-linolenic acid and
linoleic acid were synthesized prior to arachidonic acid
and eicosapentaenoic acid.
Effect of shaking speed and dissolved oxygen levels
The relationship between shaking speed and yields
of DBM, total lipids, GLA and PUFA was investigated.
As shown in Table 8, shaking speed of 160 rpm is the
best with the highest DBM, total lipid, GLA and PUFA
yields. At 140 or 200 rpm, lower PUFA yields were ob-
tained. Lipid and PUFA yields were reduced sharply
when the shaker speed was over 180 rpm, although DBM
production was not obviously changed between 160 and
200 rpm.
The effects of dissolved oxygen on fatty acid pro-
duction have not been well studied possibly due to tech-
nical problems encountered in growing cells at a rigor-
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20/1 7.52±0.14 4.47±0.06 2.95±0.08 0.42±0.04 0.69±0.07 0.09±0.02 0.29±0.01 0.24±0.04 0.17±0.09
25/1 8.16±0.16 3.59±0.04 3.18±0.06 0.45±0.07 0.74±0.08 0.10±0.02 0.31±0.03 0.26±0.08 0.19±0.03
30/1 9.21±0.23 3.65±0.08 3.38±0.04 0.49±0.03 0.79±0.05 0.10±0.08 0.33±0.04 0.28±0.02 0.21±0.01
35/1 10.51±0.26 4.78±0.05 4.47±0.03 0.64±0.02 1.05±0.02 0.14±0.07 0.44±0.01 0.36±0.03 0.27±0.02
40/1 9.58±0.18 4.91±0.04 4.05±0.07 0.58±0.02 0.95±0.03 0.12±0.03 0.40±0.01 0.33±0.09 0.25±0.05
*Cultures were incubated for 5 days at 25 °C, 140 rpm




















3 9.55±0.17 4.65±0.04 3.89±0.05 0.56±0.02 0.92±0.03 0.11±0.03 0.38±0.01 0.32±0.04 0.23±0.03
4 10.04±0.13 5.01±0.08 4.46±0.02 0.64±0.01 1.05±0.03 0.13±0.07 0.44±0.02 0.36±0.02 0.27±0.02
5 10.95±0.18 5.48±0.06 5.04±0.06 0.78±0.02 1.83±0.02 0.15±0.02 0.49±0.02 0.41±0.05 0.30±0.03
6 9.56±0.16 4.78±0.03 3.84±0.08 0.55±0.02 0.91±0.01 0.12±0.04 0.37±0.08 0.31±0.06 0.23±0.08
*Cultures were incubated for 5 days at 25 °C, 140 rpm


























140 18.62±0.02 11.23±0.12 4.87±0.02 3.53±0.03 0.51±0.01 0.83±0.03 0.11±0.01 0.34±0.01 0.28±0.04 0.21±0.07
160 21.21±0.05 11.84±0.14 5.91±0.04 5.44±0.05 0.78±0.07 1.28±0.01 0.16±0.06 0.53±0.02 0.44±0.01 0.33±0.02
180 23.08±0.06 11.61±0.13 5.38±0.03 4.78±0.02 0.68±0.01 1.13±0.05 0.15±0.08 0.47±0.02 0.39±0.03 0.29±0.04
200 26.02±0.03 11.56±0.15 4.64±0.01 3.40±0.06 0.48±0.02 0.81±0.01 0.11±0.02 0.33±0.08 0.28±0.01 0.21±0.01
*Cultures were incubated at 25 °C, for 5 days
ously controlled pressure. Nevertheless, it is reported that
Saccharomyces cerevisiae (33,34) and Candida utilis (35)
produce less unsaturated fatty acids when the dissolved
oxygen level is below the optimum level.
The desaturation of long-chain fatty acids by yeast
requires molecular oxygen. Cell lipids vary with the con-
tent of dissolved oxygen in the culture (33). The prefer-
ential inhibition of the conversion of saturated fatty acid
to unsaturated fatty acid at low level of dissolved oxy-
gen might be caused by the inhibition of the dehydro-
genase system with a relatively low affinity for O2. Low-
er shaking speed resulted in slower growth and lower
PUFA yields because of the lower level of dissolved oxy-
gen. However, lower PUFA yields were also obtained in
the experiment with too high shaking speed, because
the shear stress was increased with the increased shak-
ing speed.
Effect of temperature and pH
Microbacteria generally grow well between 20 and
28 °C. Cell viability decreases dramatically when the in-
cubation temperature is higher than 28 or lower than 20
°C. The effects of incubation temperature on DBM, total
lipid, GLA and PUFA production by Mucor recurvus sp.
were examined. As shown in Table 9, the production of
DBM, total lipids, GLA and PUFA was the highest at 28
°C, moderate at 25 and 20 °C, and the lowest at 30 °C.
Mucor recurvus stops growing at 35 °C. At 28 °C, the op-
timum temperature, a maximum production of DBM at
11.54 g/L, total lipids at 5.74 g/L and overall PUFA at
5.02 g/L was obtained.
Low incubation temperature favours the production
of the overall PUFA and the unsaturated PUFA in Mor-
tierella as well as in Mucor recurvus (36). Unsaturated
fatty acids in cell membranes can maintain the mem-
brane function and the cell growth of Mucor recurvus at
low temperatures (37) and they are preferentially syn-
thesized by the organism at low incubation temperatures.
Low incubation temperature enhances long-chain fatty
acid production, such as LA, ARA, GLA, EPA and DHA,
but slows the mycelial growth. Shimizu et al. (38) reported
that EPA can be produced by Mortierella at 6–16 °C and
could not be detected at 20–28 °C.
The effect of initial pH was also investigated. The
media had a pH range from 4.0 to 8.0 (pH of the me-
dium was adjusted before autoclaving with 1.0 M HCl/
NaOH). We found that the production of DBM, total li-
pids, GLA and PUFA were highest at pH=6.0 (Table 10).
In Mucor recurvus, total lipid and PUFA production in-
creased as the pH increased from 4.0 to 6.0. However,
the production decreased sharply as the pH was raised
from 7.0 to 8.0. Our data indicated that the optimal pH
was 6.0 for maximal PUFA production.
Orthogonal experiments
To examine what the best overall fermentation con-
ditions for PUFA production by Mucor recurvus with su-
garcane molasses as the carbon source are, we designed
the L64 (43) orthogonal experiments. Temperature, fermen-
tation time and rotating speed were used as inspecting
factors at four levels, and the iodine value was used as
the inspecting marker (Table 11).
The results showed that, among the three factors, the
rotating speed was the most significant factor, giving the
widest range (32.13) of PUFA yields. Temperature and
fermentation time were of moderate and little impor-
tance, giving a range of 11.84 and 4.4, respectively (Table
12). Thus, the optimum conditions for PUFA production
by Mucor recurvus were as follows: temperature 28 °C,
fermentation time 5 days, rotating speed 160 rpm. Un-
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4.0 10.08±0.14 3.67±0.04 1.41±0.02 0.20±0.05 0.33±0.01 0.04±0.01 0.13±0.01 0.11±0.04 0.08±0.01
5.0 10.09±0.12 4.53±0.05 3.33±0.05 0.47±0.01 0.78±0.04 0.11±0.02 0.32±0.03 0.27±0.01 0.20±0.03
6.0 10.12±0.10 5.78±0.04 5.20±0.08 0.74±0.03 1.22±0.03 0.15±0.01 0.51±0.04 0.42±0.08 0.31±0.04
7.0 10.06±0.15 5.18±0.06 4.34±0.06 0.62±0.01 1.02±0.02 0.13±0.04 0.42±0.05 0.35±0.05 0.26±0.03
8.0 9.94±0.13 4.51±0.08 3.27±0.03 0.47±0.02 0.77±0.01 0.10±0.06 0.32±0.04 0.26±0.07 0.19±0.02
*Cultures were incubated for 5 days at 25 °C, 140 rpm





















20 10.42±0.18 4.87±0.06 4.13±0.07 0.59±0.01 0.97±0.02 0.12±0.04 0.41±0.03 0.33±0.02 0.25±0.01
25 10.91±0.14 5.31±0.08 4.69±0.04 0.67±0.04 1.09±0.07 0.14±0.02 0.46±0.02 0.38±0.01 0.28±0.02
28 11.54±0.12 5.74±0.07 5.02±0.06 0.72±0.02 1.18±0.02 0.15±0.03 0.49±0.01 0.49±0.01 0.31±0.01
30 8.69±0.15 3.75±0.04 2.97±0.05 0.42±0.05 0.69±0.03 0.09±0.01 0.29±0.03 0.29±0.03 0.18±0.04
35 0 0 0 0 0 0 0 0 0
*Cultures were incubated for 5 days at 140 rpm
der the optimized conditions, we were able to obtain to-
tal lipids at 7.13 g/L and PUFA at 5.74 g/L. To our knowl-
edge, these yields were higher than previously reported.
Fatty acid analysis
The analysis of the fatty acid composition in total
lipids was performed by a gas chromatograph (Fig. 1).
The relative percentages of fatty acids were calculated
by measuring the peak areas. Fatty acids were identified
by comparing their retention time with that of the FAME
standards. The PUFA, which were produced at 5.74 g/L,
included LA ((0.82±0.05) g/L), GLA ((1.35±0.02) g/L),
ALA ((0.17±0.06) g/L), ARA ((0.57±0.06) g/L), EPA
((0.46±0.07) g/L) and DHA ((0.34±0.08) g/L). Therefore,
the greatest PUFA production was achieved at the opti-
mum culturing conditions.
Conclusions
The data of this research show that Mucor recurvus
sp. could be an excellent source for PUFA production.
The optimal conditions for maximal production of PUFA
using sugarcane molasses as the carbon source were also
identified. Notably, the maximal yields are higher than
previously reported, suggesting that sugarcane molasses
is a superb alternative carbon source considering its
considerably lower costs than those of PDA and sucrose.
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